ABSTRACT This paper discusses the step and touch voltages, based on body resistance, in a grounding grid after a lightning strike at a 434-/21-kV substation. To ensure grounding grid safety, the maximum step and touch voltage should not exceed the safety criteria defined by the IEEE Std. 80. In this paper, ATP-EMTP and a genetic algorithm are used to analyze and optimize the step and touch voltages in a power grid. The voltages are calculated under normal conditions of a lightning strike at a power system. Thevenin's theorem is applied to calculate the step and touch voltages. The genetic algorithm is applied in ATP-EMTP to obtain the minimum level of step and touch voltages in the grounding grid after lightning strikes the power system. The step and touch voltages at different positions of the grounding grid are explained in this paper using the ATP-EMTP and the genetic algorithm. The computer simulation shows that the proposed scheme is highly feasible and technically attractive.
I. INTRODUCTION
One of the most important aspects of electrical equipment installation is grounding, especially for high voltage substations [1] . Appropriate planning and design of grounding grids, specifically referring to electrical connections buried within soil, rock, etc., are important factors in reducing dangers to human life [2] . The grounding grid is a combination of horizontal, interconnected bare conductors (mat) and ground rods.
The most important factor for planning and designing a ground grid is to guarantee the safety levels defined by certain technical standards [3] . The ANSI/IEEE 80-2000 and other standards are the main sources for engineers planning and designing substation grounding mat systems [4] - [6] . In grounding grid systems, the safety of operators is the most important for. In [7] , [8] , various grounding techniques were used to ensure human safety in and around grounding grids and other electrical devices.
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The step and touch voltages are one of the most important factors for improving the safety of a grounding grid when lightning hits the power grid. The step and touch voltages depend on the grounding potential rise (GPR) and the layout of equipment in a substation. In [5] , [9] , and [10] , some technical standards and rules, which affect the step and touch voltages, were defined for grounding grids with regard to the following: resistivity of soil; fault clearance time, i.e., tripping of protection; and other optional material on the surface of the grid.
In [11] and [12] , TRAGSYS and ETAP software were used, respectively, to manage the safety of a human body against various dangers such as lightning striking the grounding grid.
The transient electromagnetic (TEM) method was used to draw a configuration of a substation to optimize the grounding grid in the case of a lightning strike [13] - [15] .
In [16] , the authors monitored the step and touch voltages of a grounding grid substation with the help of online step and touch voltage sensors.
Touch voltage is influenced by the surface potential of the earth and therefore depends on the earth fault current, earthing resistance and the distribution of current in the soil.
Step potential is the step voltage between the feet of a person standing near an energized grounded object that causes an increase of potential difference. That is, the potential difference is equal to the difference in voltage, given by the voltage distribution curve, between two points at different distances from the electrode. Fault current distribution analysis is very important for the calculation of touch and step voltage in grounding grids. The models and methods for calculating fault currents are discussed in [17] - [23] .
Genetic algorithms are commonly used for solving optimization problems, for example, minimizing the total cost of grounding [24] , optimizing the design of grounding grids [25] , [26] , analyzing soil structure [27] and limiting GPR in two-layer soil structures [28] .
In this paper, a substation configuration has been analyzed with a grounding grid by utilizing ATP-EMTP. In the first step, a substation has been simulated with a grounding grid under normal conditions during a lightning strike as shown in ATP-EMTP. In the second step, the touch and step voltage has been calculated based on equations derived from the Thevenin theorem. In the third step, the genetic algorithm has been applied to ATP-EMTP to obtain the lowest value of touch and step voltages under the condition of a lightning strike. Each strike typically remains for less than one millisecond, and the separation time between the strikes is typically a few tens of milliseconds.
II. ANALYTICAL LIGHTNING CURRENT IN ATP-EMTP
In the analytical lightning, when lightning occurs in the substation the two current waves allocate in the substation. The first lightning wave moves upwards to stretch the peak value of the lightning current. The second wave reaches downwards to a value of zero. For first one the speed of lightning current is near to the speed of light as mentioned in the Fig. 1 . In the second one, it slowly decreases with a speed less than that of light (typically 1/3 to 2/3 speed of light). The Heidler function, is usually assumed to signify the injected current i o (t), and is defined as:
where I is the current amplitude, τ 1 is the front time constant, τ 2 is the decay time constant, And n is an exponent with a value between 1.1 and 20 For lightning stroke, the lightning current wave is illustrated in Fig. 1 . The strike current pulse reaches its peak value of 14kA in 4 µs.
III. GROUNDING GRID IN A POWER SYSTEM
In the electrical power system the substation grounding network comprises of a grid (earth mat) designed by a horizontal buried conductor. A 420-kV system as shown in Fig. 2 is analyzed for the grounding grid. The system comprises of an overhead line associated to a 434/21-kV power transformer. The lightning surge arresters installed at 15m is used for transformer protection. The area of grounding grid is 60m × 60m consisting of 15m × 15m meshes made of copper conductors, with a diameter of 1.4cm, buried at a depth of 0.5m. The soil is homogeneous, with a resistivity of 100 m with a relative permittivity of 10, and a permeability (µ 0 = 4·π ·10 −7 A/m) that is equivalent to air. The source voltage, transmission line, surge arrester and grounding grid are modeled using ATP-EMTP software. In this simulation, lightning strikes 1km away from the substation. Fig. 2 shows the distribution system of the grid [29] .
IV. METAL OXIDE SURGE ARRESTER (MOSA) MODEL
The MOSA shown in Fig. 3 is studied and simulated based on the model explained in [30] .
MOSA consists of a fixed resistor R = 1M and two nonlinear resistors A 0 and A 1 , and the U-I characteristic for the surge arrester is given in [31] . The U-I characteristic curve is simulated in ATP-EMTP and is shown in Fig. 4 . The dotted curve shows static characteristics and the solid curve shows the dynamic characteristics of the surge arrester.
The inductances of surge arresters (L 0 & L 1 ) are obtained using the following equations.
where V n is the arrester rated voltage, V r1/T 2 is the residual voltage for a 10 kA front current surge (1/T 2 µs), and V r8/20 is the residual voltage for a 10 kA current surge with an 8/20 µs shape.
V. GROUNDING GRID MODELING
The mesh is formed by employing mild steel bars arranged in the X and Y directions of the soil at a depth of approximately 0.5m below the surface of the substation floor through the entire substation area except for the foundation. The typical conductor spacing ranges from 3m to 20m. The bars oriented in the X and Y directions are welded at the intersection points. The earthing rods can also be placed at each point of the mesh extending downwards, including points in the building foundation, the transformer foundations, inside fenced areas, etc. Fig. 5 shows the three-dimensional view of the earthing system and details of mesh grid and vertical rods/spikes. Grounding electrodes or mesh grid includes inductances and resistances as shown in Fig. 6 . The longitudinal resistance ''R'' and self-inductance ''L'' for each elementary cell is obtained by using the following classical expressions:
where 'l' is the length of the elementary cell, 'r' is the radius of the electrode, 'ρ cu ' is the resistivity of the material, 'h' is the buried depth and the magnetic permeability of the material has been assumed equal to the vacuum permeability, [32] .
An equivalent circuit of the vertical rod/spike is shown in Fig. 7 . The resistance, inductance, and capacitance of the under transient phenomenon are calculated by [33] .
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'ρ is solid resistivity ( m), 'l i ' is the total length of ground rod (m), 'd' is the diameter of the ground rod (m), 'ε r ' is the relative permittivity of solid.
A grounding model with 16 meshes is simulated by implementing all data in ATP-EMTP. Fig. 8 shows grounding grid model in ATP-EMTP software. 
VI. TOUCH AND STEP POTENTIAL DEFINITION
When a fault occurs or lightning strikes the grid, an individual that touches a substation instrument creates a touch potential, and an individual walking in the substation creates a step potential. Fig. 9 shows the touch and step potential situation when a fault occurs in the grid. Fig. 10 and Fig. 11 show the Thevenin equivalents of the touch and step potentials. The value, V eq , for the touch and step potentials represents the potential at the point of human contact when the human is not touching any other ground object. The equivalent internal resistance R eq , in Fig. 10 and Fig. 11 is between the point of contact of the human body with the soil (A 1 & A 2 ) and the grounding grid. R eq can be computed by numerical methods [35] .
Touch and step voltages are obtained from the Thevenin equivalent diagrams in Fig. 10 and Fig. 11 . V t_oc and V s_oc represent the touch and step potentials for an open circuit.
V step = R Body R Body + 2R shoe V s_oc (10) In the IEEE standard [5] , R body is assumed to be 1000 .The acceptable touch and step voltages for humans with 50-and 70-kg body weights described in IEEE Std. 80, 2000 edition are reported in [5] . (14) where C s is the surface layer derating factor, ρ s is the surface layer resistivity ( .m), and t s is the duration of the electric shock (sec). The acceptable body current in the IEEE Std. 80 [5] for 70 kg is defined with
First, a 16-mesh grounding grid is considered to calculate the touch and step voltages in this paper. The dimension of the grid is 60 × 60m 2 , the mesh is 15 × 15m 2 , and they are buried in soil with 30-m resistivity. The actual touch and step voltages for body are 410 V and 310 V, respectively. For this paper, C s = 0.572 and ρ s = 2000. Based on (11) to (14) , using the 70 kg example, the maximum and acceptable touch and step voltages per IEEE std.80, 2000 are calculated as follows: Fig. 12 shows the grounding grid and distribution system configuration for simulation in ATP-EMTP when lightning strikes 1km away from the substation. As shown in Fig. 12 , the points A and B are selected randomly for calculating touch and step voltages when lightning strikes the system. Fig. 13 and Fig. 14 show touch and step voltages of point A and B before optimization of the grounding grid.
According to Fig. 13 and Fig. 14 , the maximum touch voltage at points A and B are 38.8V and 25.5V, and the maximum step voltages are 9.7V and 6.3V, respectively. All results are obtained by ATP-EMTP.
VII. REDUCTION OF TOUCH AND STEP VOLTAGES BASED ON A GENETIC ALGORITHM
For any grounding grid, (9) and (10) can be used as objective functions to compute the lowest touch and step potentials. An initial population of 25 randomly selected points on the 
FIGURE 14.
Step voltage at point A and B after a lightning strike, before optimization. grounding grid surface at the specified grounding grid depth is considered. Each point is considered a chromosome with coordinates described by p(x, y), in which x and y represent the value of the grounding grid length and width. This paper considers a 60 × 60 rectangular grounding grid with the origin (0, 0) at the bottom left-hand corner of the grid. The values of x and y are in the range 0 ≤ x ≤ 60. Using the binary coding method, x and y are converted into binary string variables. The objective function is defined using (9) and (10) as described in section VI. To optimize the touch and step voltages using the genetic algorithm, the objective function is executed using different phases such as choice, crossover, mutation, etc. The following parameters are considered for the Genetic algorithm:
Population size = 100, Cross over = 98%, Mutation rate = 10% and number of iterations = 70. Initially, a population is randomly generated. Starting from this population and using the basic crossover and mutation probability p m , the subsequent new populations are generated. In each generation, all individuals are analyzed based on their fitness value as an optimum solution to the problem. The individual which generates the best fitness value will be considered the best and optimum result. All data is supplied to ATP-EMTP software for optimization of the grounding grid. 
FIGURE 18.
Step voltage at point A and B after a lightning strike, after optimization.
After applying the genetic algorithm in ATP-EMTP software to calculate the minimum value of touch and step voltages, the mesh size of the regular ground grid is changed to a new value, but the total area of the grounding grid is held constant. The grounding grid area is a 60m × 60m consisting of l 1 = 15.91m and l 2 = 14.13m. Fig. 15 shows parameters of mesh grid after optimization.
The new longitudinal resistance ''R'' and self-inductance ''L'' for each elementary cell is obtained by using (4) and (5). before optimization. After optimization using the genetic algorithm and ATP-EMTP, points A and B are measured. Fig. 16 shows the calculation of touch and step voltages based on the genetic algorithm flowchart. By applying the genetic algorithm optimization, touch and step voltage values are reduced compared to the values without optimization. Fig. 17 and Fig. 18 show the touch and step voltages after optimization.
In Fig. 17 and Fig. 18 , at points A and B, the maximum touch voltages are 37.8 V and 23.72 V, and the maximum step voltages are 9.45 V and 5.94 V, respectively. To illustrate this result more clearly, Fig. 19 compares the touch and step voltages before and after optimization at point A. Table 1 shows all touch and step voltages at the 25 points of the grounding grid before and after optimization.
VIII. CONCLUSIONS
This paper proposed a new method for calculating and optimizing touch and step voltages when a lightning strike occurs. The effect of lightning in the power system was investigated and touch and step voltages were calculated by ATP-EMTP. To reduce the effect of lightning on a human body it is necessary to reduce touch and step voltages without changing the total area of the grounding grid. The power source, transmission line, transformer, loads, grounding grid and lightning block were simulated in ATP-EMTP. A genetic algorithm was used in ATP-EMTP to find the minimum value of touch and step voltages. Applying the optimization method in this paper caused a minor change in mesh size. The new results showed that the touch and step voltages are reduced by between 3% and 5% compared to the original system. By reducing the touch and step voltages in the power system after a lightning strike, the safety of operators was increased. The optimum value of touch and step voltages and the best size of the grounding grid were calculated. Finally, this method is recommended for planning and designing grounding grids in power systems.
